We report a novel approach to study cell migration under physical stresses by utilizing established growth factor chemotaxis. This was achieved by studying cell migration in response to epidermal growth factor (EGF) chemoattraction in a gradually tapered space, imposing mechanical stresses. The device consisted of two 5-mm-diameter chambers connected by ten 600 µm -long and 10 µm -high tapered microchannels. The taper region gradually changes the width of the channel. The channels tapered from 20 µm to 5 µm over a transition length of 50 µm at a distance of 250 µm from one of the chambers. The chemoattractant drove cell migration into the narrow confines of the tapered channels, while the mechanical gradient clearly altered the migration of cells. Cells traversing the channels from the wider to narrow-end and vice versa were observed using time-lapsed imaging. Our results indicated that the impact of physical stress on cell migration patterns may be cell type specific.
Introduction
Cancer cells at the primary tumor site(s) acquire the ability to migrate to a distant site to form a secondary tumor characterize cancer metastasis. Metastasis is a critical step in the spreading and OPEN ACCESS progression of cancer. It is an indication of a poor prognosis for certain cancers, including breast cancers and prostate carcinoma [1] . Molecular mechanisms underlying the cellular events of cancer metastasis are not well understood. These cellular events may include metastatic cell detachment, infiltration and migration from the primary tumor mass. It is conceivable that the alteration of gene expression occurs in the metastatic cells to accommodate specific enzymatic digestion of embedding extra-cellular matrix (ECM), to gain the ability for extra-and intra-vasation, through the blood and lymphatic vessel walls. These cellular responses may have resulted from biochemical stimulation and/or mechanical force-induced signal transduction. It has been reported that the metastasis of breast cancer, is mediated by the stimulation of chemokines and transforming growth factor beta (TGFβ) [2] [3] [4] [5] [6] [7] [8] [9] [10] . The upregulation of a variety of chemokines and other growth factors, such as epidermal growth factor (EGF) [11] and vascular endothelial growth factor (VEGF), has also been shown to be associated with cancer metastasis [12] . Mechano-transduction mechanisms have also been postulated, which state that cells are capable of converting mechanical signals to a series of biochemical, molecular and cellular events [4, [11] [12] [13] [14] [15] [16] [17] .
Microfluidics has rapidly developed in recent years and become one of the well-recognized technologies in analytical bio-medical sciences, including molecular separation, biochemical assays, drug screening, electro-chromatography and invasion assays, to name a few [4, , owing to its advantages, such as the small amounts of reagents/liquid required, the ease of optical observation, biochemical probing, the quick prototyping of fluidic configuration and the possibility of single cell examination. Microfluidics has been used to investigate the molecular mechanisms of cell migration and metastasis [43, [45] [46] [47] and recently utilized as a powerful platform to study single cell chemotactic migration. We have previously reported the design of a microfluidic device by which we provided evidence of: (1) the establishment and maintenance of a chemical gradient in the device; and (2) directional cell chemotaxis toward growth factors [48, 49] . With the demonstrated microfluidic device as a tool, further understanding of the fundamental signals regulating migration at the cellular level is essential for the development of therapeutic approaches. Individual cells rely on the intrinsic redistribution of cellular molecules/components to migrate in response to gradients of extrinsic signals [50, 51] . These signals include chemical, spatial physical stresses or electromagnetic stimulations [50] [51] [52] [53] [54] . The chemical signal transducing mechanisms for regulating cell migration have been established due to its importance in cancer progression and metastasis [52] [53] [54] [55] [56] [57] . However, the effects of physical stress signaling in cell migration patterns still remain largely unclear. The most recent study by Mak et al. [58] took into consideration the effect of physical spatial gradients. Their study provided direct evidence that physical stresses could lead to changes in migration patterns of MCF10A, a normal breast cell line, and MDAMB231, a malignant breast cancer cell line. In the present study, we have designed a microfluidic platform to impose mechanical stresses on cells chemotactically driven into the microchannels. A biochemical gradient attracting cancerous or noncancerous cells towards a more stringent bio-mechanical stress condition imposed by tapered microchannels provides both stimuli at the same time on individual cells in situ. Our hypothesis is that three-dimensional interaction among cells in the tapered channels causes cellular stresses that may alter the cell migration pattern. It may be used as a model to understand the apparent enhancement of the cellular migration potential in cancer cells compared to that of normal cells.
The transition length of the microfluidic device in this study represents a region of gradually changing physical and chemical environments. The cells that migrate into this region are chemically stimulated and simultaneously subjected to very stringent mechanical stresses. The chemical gradients create a microenvironment that impacts the chemotaxis of the cell. The narrower channels amplify the physical stresses and impact the cell structure, causing significant changes in the migration behavior of the cells. This is clearly demonstrated by comparing with migration patterns observed in a uniform channel study, previously reported in [48, 49] . In brief, the migration of cells in microfluidic devices with uniform channels (20 µm -wide, 10 µm -high) showed a higher migration of cancerous cells compared to the control. The migration was also concentration dependent. For example, the migration of PC-3 cells in response to 100 ng/mL of EGF was much higher than that for 30 ng/mL. The cells migrated across the entire length of the channel, entered the open chamber on the other end and continued to proliferate.
Experiments

Device Design and Fabrication
The microfluidic device consisted of two open chambers of a 5 mm diameter each to hold cells with 70 µL of media or designated chemoattractants, depending on the experiment designs. These two chambers were connected by ten micro-channels of 10 µm in height and 600 µm in length as shown in Figure 1 . The spacing between adjacent channels was 20 µm . The width of the channels was chosen due to the fact that the cells tested were in the range of 20-50 µm in diameter. Thus, a channel width of 5 µm provides an extremely stringent condition for cells to migrate. Furthermore, our device provides a polarized micro-environment for cell studies. The microfluidic devices were fabricated with PDMS (polydimethylsiloxane) using soft lithography processes. In brief, a mold was created on a silicon wafer using the negative tone photoresist SU-8-2010 (Microchem, Newton, MA, USA). The mold was cured at 150 °C for 40 min. The PDMS (Sylgard 184, Dow Corning, Midland, MI, USA) was polymerized by curing a mixture of 10 parts of PDMS base to 1 part of cross-linker (by weight). To ensure a consistent height of all the devices fabricated, a controlled quantity of the polymer was always used. The mixture was allowed to set on the SU-8 mold and degassed in a vacuum chamber. The polymer was then cured at 90 °C for 90 min. The cured device was peeled from the mold and diced. The PDMS dies were then individually cleaned, sterilized and mounted on standard tissue culture dishes (60 mm, treated polystyrene, Corning Inc., Lowell, MA, USA) by applying pressure on the PDMS dies with the channel side onto the growth surface of the substratum to form the microfluidic device. The PDMS devices can form very strong temporary bonds with other smooth clean surfaces, such as tissue culture plates, by simple electrostatic interaction between the PDMS and the tissue culture substrate. The absence of air pockets between the device and the substrate indicated a good bond [59] . Since the experiment was carried out without any pressure driven flow, the temporary bond between the PDMS and the culture plate was enough. The PDMS is hydrophobic, while the substrate is hydrophilic, making priming and cell seeding possible. In addition, the use of the tissue culture substratum ensures that cell culture conditions remain unaltered. The device was primed with growth media in preparation for the designated experiments. Priming was carried out by first filling one of the chambers of the microfluidic device with culture media. Vacuum suction was then employed to each device to draw the media through the ten channels. The device was then observed under a microscope for leaks before being filled with media and placed in an incubator for 24 h. Priming the device before the experiment eliminated trapped air bubbles and helped in identifying any potential leak. In addition, we also checked each device carefully for channel damage and contamination. For the ease of imaging and analysis, we always used the convention of placing the cell seeding side towards the left with the chemoattractant side on the right within the field-of-view.
Cell Migration
Experiments were designed to study the chemotaxis of prostate cells (both normal and cancerous) to the chemo-mechano stress induced by epidermal growth factor (EGF) in the tapered channels. The chemical gradient generated by the diffusion of 75 ng/mL EGF within the tapering channels of the microfluidic device stimulated the migration. The concentration of EGF was chosen based on our previous study utilizing uniform channels, which indicated that 75 ng/mL of EGF enhanced the migration of prostate cancer cells (data not shown) [60] .
The microfluidic devices were sterilized with 70% ethanol and mounted on a standard tissue culture dish with the channel side down. The two chambers and interconnecting microchannels were primed by growth media, as described earlier. PC-3 cells, a human prostate cancer cell line [61] , and PNT1A, an immortalized normal human prostate epithelium preparation [62] , were used to characterize cellular responses to stress signals. Both cell lines were grown in Roswell Park Memorial Institute medium 1640 or RPMI 1640 supplemented with 5% fetal bovine serum (FBS), 100 U/mL penicillin and 100 µg /mL streptomycin maintained under 5% CO 2 atmosphere at 37 °C. Cells at a density of 72 × 10 3 in the growth media were seeded into each seeding chamber, conventionally on the left in the field-ofview, while 70 µL of growth media without cells was added to the chemoattractant chamber. After a 24-h incubation, allowing the cells to anchor, the media with EGF (75 ng/mL) were added to the appropriate chemoattractant chambers. In order to minimize the evaporation of the media in the devices, sterilized PBS was added around the microfluidic device. Real-time cell migration was recorded using time-lapse microscopy (Ti Eclipse, Nikon, Meville, NY, USA). The microscope was equipped with a Bold Line Cage Incubator (Okolab, Italy) with CO 2 supply. Images of the cells within the channels were captured at 100× to show the relative location along the microchannels at 2-min intervals for a period of 72 h. The compiled images were used to measure the movement of the cells in the channels. PC-3 cells were able to migrate across the tapered microchannels in response to the EGF gradient. They were thus exposed to a gradually stringent mechano-stress condition. These cells continued to migrate across the narrow 5 µm -wide channels. Similar observations were made when PNT1A cells were subjected to identical experiment conditions. These results clearly demonstrated that cells may actively migrate into an extremely narrow space as part of the chemotactic response, mimicking the process of intravasation during metastasis [63] . . The images were zoomed in to the tapered channel area. In the case of PC-3, the cells re-entered the channels, as indicated by the arrows. In the case of PNT1A, the cells migrated completely across the channels into the chamber.
Interestingly, when PC-3 cells chemotaxied through the entire length of the channel and exited from the narrower end, some of the cells were observed to immediately re-enter the same or the very next channel, which was also narrow (Please refer to Video 1 in the Supplementary Material in the Electronic Supporting Information). The cells that re-entered were then seen to migrate in the opposite direction, i.e., against the EGF gradient across the entire length of the narrow channels, as shown in Figure 2a . For PC-3 cells, this re-entering phenomena occurred more frequently (10 out of 14 occurrences), as illustrated in Figure 3 . PNT1A cells were observed to have only three out of a total of 44 occurrences in which the cells re-entered the narrow channels. The cells are depicted in Figure 2b and Video 2 (Please refer to Video 2 in the Supplementary Material in the Electronic Supporting Information), in which all cells were moving towards the right. The frequency for PC-3 cells immediately re-entering the channels (78%) was much higher than that of PNT1A cells (7%). These observations suggest that the cells continue to seek similar microenvironments, as evidenced by their immediately re-entering of the narrow microchannels. This phenomenon appears to be cell type-specific, since the responses between PC-3 cells and PNT1A cells were different, as shown in Figure 3 . It is worth noting that in the uniform (20 µm-wide from chamber to chamber) microchannels with am EGF gradient from 0 to 75 ng/mL, PC-3 migrated towards a higher EGF concentration (data not shown), as we have previously reported [48, 49] . It was also observed that almost all the cells that migrated through the microchannels with a uniform width remained and proliferated in the chemoattractant chambers. These cells were not observed to re-enter the channels or migrate back towards the cell seeding chamber. The migration of cells from the narrow to the wider end of the channels was also assessed under identical conditions, as illustrated in Figure 4a and Video 3 (Please refer to Video 3 in the Supplementary Material). The EGF gradient promoted the migration of cells across the 5 µm narrow microchannels from the left side moving to the right in Figure 4 . However, upon reaching the region of channel width transition, the cells continued to move into the wider 20-µm channels towards the attractant well (as observed in 12 events). In seven events, the cells returned to the narrow channels, such as in the case shown in Figure 4a . In an identical experimental setting with PNT1A cells, the cells were observed to prefer the wider region of the channel, with only 1 out of 36 events showing that the cell returned to the narrow microchannels, as shown in Figure 4b and Video 4 (Please refer to Video 4 in the Supplementary Material). These results suggest that PC-3 cells chemotaxied and preferred the 5-µm microchannels irrespective of whether they reached the narrow channel from a wider channel or entered the narrow channel directly; while PNT1A cells seem to prefer the wider space. Figure 5 compares the numbers of re-entering events when the cells were seeded in the chamber near the narrow channels with cells migrating toward the chemoattractant gradient from the right side. Comparison of the migration patterns between PC-3 and PNT1A when cells were seeded on the narrower end of the tapered channels. The arrows and numbers indicate the direction of cell migration and the number of cells. PC-3 cell re-entry is at a much higher rate than that for PNT1A.
Our devices also permit us to obtain kinetic data for cells in the process of chemotaxis under mechano-stress stimulation. The chemotactic responses of PC-3 and PNT1A cells in the tapered 5 µm narrow microchannels were assessed. Each cell was tracked to find the time required for migration across the 250 µm length of the narrow channel in order to calculate its migration speed. In the experimental configuration, cells were added near the wider region of the channel and the attractant was added to the other chamber. The results indicated that the average chemotactic migration speed of PC-3 was 60 µm/h (n = 14), whereas it was 19 µm/h (n = 44) for PNT1A. The result is shown in Figure 6 . The outcomes provided by Mak et al. [58] indicated that physical gradients led to distinctive migration patterns among normal and malignant cells. However, our results indicated that chemical gradients generated by EGF in the channels led to the migration of the normal, as well as malignant cells into the tapered channels. The difference was observed when the cells reached the chamber after exiting the tapered channels. The tapered channel design was aimed at studying the hypothesis that chemo-mechano-stresses applied to the cells may lead to distinctive migration patterns among different cells. The differences seen between PNT1A and PC-3 cells may provide insights into the understanding of molecular and cellular mechanisms in metastasis. In our previous studies [48, 49] , the channels in the microfluidic devices had a uniform width throughout the length of the channel. The main observation with respect to cell migration and the cell line were similar. Cancerous cell lines demonstrated an apparent increase in migration compared to the control cells. However, the migration of the cells observed in this case did not involve a preferential re-entering into the channels, as exhibited by the cancerous line in the tapered channels. Thus, we concur that metastasis apparently involves cellular motility. Although the molecular mechanism underlying the cancer cell metastasis is still largely unclear, it is generally recognized that cellular sensing of and responses to chemical gradients are crucial steps in the process. This leads to dynamic and polarized receptor re-distribution on the cell body. Subsequent steps may include a cascade of signal activation, polymerization of actin filaments and the formation of pseudopodia and result in the physical movement of the cell. A mammalian adherent cell may be approximately 20 µm in diameter and approximately 2000 µm 3 in volume [64] . Therefore, the physical condition of a cell moving along a narrow channel with an area of a cross-section of 5 µm × 10 µm could further enhance the polarization and re-distribution of receptors and the cellular events, providing insight into the mechanisms involved in cell migration leading to metastasis. We have also presented evidence to demonstrate that this microfluidic device allows us to investigate cellular events and their underlying molecular mechanisms for cell migration in the processes of chemotaxis and mechano-stress stimulations. The migratory behaviors of different cell types in response to the combination of physical stress and chemical gradient were studied. The imposition of a chemical gradient driving the cells into a mechanical stress environment of the tapering channel resulted in cell migration behavior changes, as evidenced and clearly demonstrated by the immediate re-entering into the stringent narrow (5 µm ) channels in the case of PC-3. The cells that re-entered were observed to return and to travel the entire length of the narrow channel in the opposite direction against the chemical gradient of EGF. We also demonstrated that that PC-3 cells, a prostate cancer cell line, exhibited a significantly higher frequency of re-entering compared to PNT1A cells (a normal prostate epithelial cell preparation).
Two of the unique features in our microfluidic devices are that the cells can be observed in real time and in a time-lapsed fashion to understand the dynamic behaviors of cells under migration and the ability to retrieve the cells of interest for further molecular analysis while the cells are in the process of migration. Thus, future work will be to conduct immuno-cytochemical analysis on the cells under migration in the different experiment configurations shown in this paper in order to verify the chemotactically-driven, mechanical stress-induced signaling molecule re-distribution and polarization at the protein expression level in cells. The main limitations of the experimental set-up that we will be addressing in the future are with regards to the device priming and data collection. Currently, arrays of microfluidic devices are cleaned and sterilized, while priming is still done one device at a time. In the future, methods to simultaneously prime multiple devices will be explored. In addition, for data collection, the images taken using time-lapse are automated, but the determination of cell migration is carried out manually. We are actively investigating ways to automate the process.
Conclusions
Previous works that used a highly confining environment to study cell migration and adhesion have primarily involved straight and uniform microchannels. Rao et al. [48] and Tata et al. [49] have demonstrated a non-flow-based microfluidic arrayed device with controlled chemical gradients for studying prostate cancer chemotaxis with EGF, in which most of the cells migrated across the channels into the attractant chamber. The advantages of such devices include the use of smaller amounts of reagents, time-lapsed observation of cell migration and quantitative assessment of cell migration. Mak et al. [58] demonstrated that a physical gradient with increasing mechano-stress device produced a difference in the migratory behaviors of breast cancer cells, because of the tapered channels.
However, the data from these studies did not address the combined effects of physical and chemical gradients, which is the actual signaling scenario for cancer metastasis. This paper presents a unique aspect of cell migration behaviors, addressing both physical and chemical stimuli. The results clearly demonstrated that the chemical and physical constraints play a role in altering cellular migration characteristics. We have observed the behavioral differences in the migration responses of different cell types (cancerous vs. non-cancerous). In the future, the device will be used as a label-free method of quantitatively characterizing signaling feedback on the single cell level by analyzing the responses of cells and the migration transition dynamics.
